We present an experimental study of a liquid metal flow in a rectangular channel under the influence of an inhomogeneous magnetic field. This is a fundamental problem of liquid metal magnetohydrodynamics that is relevant to the technique of electromagnetic braking in the process of continuous casting of steel as well as for Lorentz force velocimetry. Based on local velocity and electric potential measurements we identify three distinct flow regions; namely ͑i͒ a turbulence suppression region, ͑ii͒ a vortical region, and ͑iii͒ a wall jet region. It is shown that in region ͑i͒ the applied inhomogeneous magnetic field brakes the incoming flow in its central part and transforms the velocity profile, which is initially flat, into an M-shaped form. In the central part of the flow, the intensity of the velocity fluctuations is found to decrease strongly. In region ͑ii͒ where the magnetic field is strongest, the flow is characterized by large-scale vortical structures which are time dependent for certain values of the control parameters. In region ͑iii͒, downstream of the magnetic system, two sidewall boundary layers are observed which generate velocity fluctuations with intensity up to 25% of the mean flow. These boundary layers bear close resemblance to wall jets known from ordinary hydrodynamics. Our experimental data provide a comprehensive database against which numerical simulations and turbulence models can be tested.
I. INTRODUCTION AND PHENOMENOLOGY

A. Motivation
Movement of molten metals in materials processing 1 under the influence of a nonuniform magnetic field occurs under a wide range of circumstances ranging from magnetic braking in steel casting to electromagnetic stirring in aluminum production. The general hydrodynamic aspects of these problems have been investigated both theoretically and experimentally in the past. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] However in the mentioned works MHD flows were mostly described by integral characteristics, such as the total electric potential difference between the sidewalls or the pressure drop along the duct. For flows under nonuniform magnetic fields there is a conspicuous lack of reliable experimental data of local velocities and electric potential measured with high spatial and temporal resolution. The task of the present investigation is a systematic and detailed measurement of the velocity and electric potential distributions for various values of the Reynolds number and high Hartmann number ͑to be defined below͒. Our aim is to improve the understanding of channel flow under a localized magnetic field. Moreover, our experiments may serve as a benchmark problem against which numerical simulations can be tested. More specifically, the problem of molten metal control by a spatially inhomogeneous magnetic field is getting more and more important for industrial applications in steel casting. Here dc magnetic fields, also known as electromagnetic brakes, are applied for the suppression of undesirable jet-like structures in the liquid steel. In industrial electromagnetic brakes the magnetic field is created by a dc electromagnet mounted in the mould of a slab caster to control the steel flow.
12- 14 The design of electromagnetic brakes relies heavily on experience and numerical simulations. The predictive power of such simulations cannot be tested directly because local velocity and electric potential measurements are impossible in an industrial steel caster. Therefore, model experiments with liquid metals at room temperature under controlled laboratory conditions, such as reported in our paper, are useful for the further development of numerical tools in applied MHD. A second motivation for the present work comes from the fact that Lorentz force velocimetry 27 -a noncontact technique for flow measurement in liquid metals-requires a comprehensive understanding of the interaction between a turbulent liquid metal flow and a strongly nonuniform magnetic field. In addition to their utility for industrial MHD, liquid metal flow under localized magnetic fields are intriguing fluid dynamical systems in their own right, whose study can shed new light on flows in ordinary hydrodynamics. For instance, the flow over a strongly localized spot of magnetic field has some properties in common with flow around bodies in ordinary hydrodynamics 15, 16 and with Taylor columns in rotating flows, because a rotation can lead to anisotropy and transition to large-scale two-dimensional flow, as a strong magnetic field does. 22 The effect of Hartmann and Ekman boundary layers on the core flow is similar in spite of the mechanism of the process is different. It means that a MHD flow can be considered as a physical model of a quasi-twodimensional flow. Therefore, our work transcends the field of applied MHD and contributes to a better understanding of instability and turbulence in open flow systems.
B. Definition of the problem
Our problem is illustrated in Fig. 1 . We consider an electrically conducting fluid confined by insulating walls in a channel with rectangular cross section. A magnetic system consisting of two permanent magnets coupled by a steel yoke is situated outside the central part of the channel. Before and behind this system the magnetic field decays. The problem is governed by the Navier-Stokes equation with Lorentz force
where V , j , B are vectors of velocity, electric current density, and magnetic field, respectively. Here p , , are pressure, density, and kinematic viscosity, respectively. If the magnetic Reynolds number Rm= 0 U 0 H is small ͑which is the case in most industrial applications͒, the electric current density is determined by Ohm's law
whereby the electric potential has to be determined by solving the Poisson equation
with the boundary conditions that the derivative of perpendicular to the channel wall vanishes. Here 0 , , U 0 , H denote magnetic permeability, electrical conductivity of fluid, velocity, and length scales, respectively.
The electric current of maximal intensity is concentrated in the central area of the gap between the magnetic poles. By virtue of this effect, the electric current closes in the areas with small magnetic field ͑small electromotive force V ϫ B͒ as shown in Fig. 1 for the midplane perpendicular to the magnetic field. 17, 18 Due to the observed distribution of the electrical current, the streamwise component of the breaking Lorentz force F x = j y · B z is higher in the center of the magnetic gap compared to the value in the vicinity of the sidewalls ͑see Fig. 1͒ . In turn, this distribution of the Lorentz force deforms an initially homogenous flow into a heterogeneous one, characterized by low values of velocity in the central part of the channel and two strong maxima near the sidewalls. Such kind of velocity profile is usually referred to as an M-shaped profile.
We introduce the quantity B 0 as a characteristic scale for the magnetic field. The velocity U 0 is the single control parameter of our experiment. It can be made dimensionless by introducing the Reynolds number Re = U 0 H , which quantifies the ratio of inertial and viscous forces.
The strength of the applied magnetic field is characterized by the nondimensional Hartmann number
, which reflects the ratio of the electromagnetic braking forces to viscous forces.
The Reynolds number, Hartmann number, and aspect ratio ⌫ = L / H ͑where L is the transverse half-width of the channel to be defined in Sec. II͒ are the governing parameters of the problem. Notice that only Re can be changed in our experiment, while Ha and ⌫ are constant.
C. Phenomenology
Before describing the experimental procedures and results we would like to provide the reader with intuitive understanding of the main properties of the flow. In particular, it is important to appreciate the dual role of the magnetic field which consists both in generating and dissipating vorticity.
Based on the definition of our problem we can already identify three characteristic regions of the flow which are sketched in Fig. 2 . Region I is characterized by a monotonically increasing magnetic field that influences the incoming flow and damps its perturbations. This region will be referred to as turbulence suppression region. Region II is situated around the magnetic system where the magnetic field attains its maximum value. This region, which we term vortical region, is characterized by the presence two robust large-scale vortices as will be detailed in Sec. III. These vortices are similar in nature to those which occur in ordinary hydrodynamics for the flow around a bluff body. In our situation, the drag due to the electromagnetic forces plays a role similar to a bluff body. The region III which shall be denoted as the wall jet region is characterized by a monotonically decaying 
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Andreev, Kolesnikov, and Thess Phys. Fluids 18, 065108 ͑2006͒ magnetic field. Here two shear layers emanating from region I propagate in the vicinity of the lateral channel walls similar to a plane wall jet in ordinary hydrodynamics. 19 The remainder of our paper is organized as follows: In Sec. II we present the experimental setup and measurement techniques. Our experimental results are described in Sec. III. Finally, we summarize our main findings in Sec. IV.
II. EXPERIMENTAL SETUP AND MEASUREMENT TECHNIQUES
A. Description of the setup
The experiments are carried out in a Plexiglass rectangular channel with 0.5 m length and cross section 2L ϫ H = 100 mmϫ 20 mm. A sketch of the experimental device is shown in Fig. 3 . The channel is a part of a horizontal liquid metal loop. The loop also consists of an electromagnetic flow meter and an electromagnetic pump developing a pressure up to 3 bars and a flow rate of 2 l " s. As a working liquid we use the eutectic alloy Ga 68% In 20% Sn 12% which has a melting temperature of +10.5°C, density = 6360 kg/ m 3 , electrical conductivity = 3.46ϫ 10 6 ⍀ −1 m −1 and kinematic viscosity = 3.4ϫ 10 −7 m 2 /s. To reduce velocity disturbances of the initial pipe flow, the inlet part of the test section is equipped with a honeycomb, which is 100 mm wide and 20 mm high. The honeycomb is made of polyethylene pipes 3 mm in diameter and 100 mm long oriented along the flow ͑Fig. 3͒. On a distance of 120 mm from the honeycomb, two NdFeB permanent magnets, coupled by a steel yoke, are applied to the top and bottom walls of the channel. The design of the magnetic system and the configuration of magnetic field are described in the Appendix and illustrated in Figs. [13] [14] [15] . The induction of the magnetic field in the central point of the magnet gap is equal to B 0 = 0.504 T. This value is taken as a scaling value for the applied magnetic field. The origin of the coordinate system is defined to be in the same point.
The channel is tightly covered from above by a number of Plexiglass blocks in order to ensure no-slip boundary conditions. The measuring probes ͑to be described below͒ are 
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inserted into the flow through a narrow slit of 4 mm width. Two types of probes are used in experiments, namely, potential probe and Vivès probe. By means of the first probe we measure the distributions of mean and fluctuating values of the electric potential in the range of −2 Ͻ x / H Ͻ 2. In this range, the magnitude of the magnetic field is sufficiently strong to induce a measurable voltage. With the second probe, we measure both the mean and pulsating velocity in the regions I and II, where the magnetic field and induced electrical potential are negligible, i.e., at x / H Ͻ −3 and x / H Ͼ 3 ͑see Fig. 2͒ . The Reynolds number is varied within the range of 5 ϫ 10 2 ഛ Reഛ 1.6ϫ 10 4 . The Hartmann number based on the scaling value B 0 = 0.504 T is equal to Ha= 400. Thus, the MHD interaction parameter is varied within the range of 10ഛ N ഛ 320. It is worth noting that the velocity field deforms and the initial stage of flow anisotropy manifests itself at N Ͼ 1. [20] [21] [22] In our experiment, the most widely studied parameter is Re= 4000, so we have N = 40.
B. Measurement techniques
Measurements using Vivès probes: Velocity measurements in liquid metals are notoriously difficult because of the opacity and aggressiveness of the melts even at room temperature. We use an electric potential Vivès probe 23 to measure both the stream-and spanwise velocity components in regions I and III, where the applied magnetic field and its induced electric potential are small enough not to disturb the probe ͑see Fig. 2͒ . A sketch of the probe is shown in Fig. 3 . It consists of a cylindrical permanent magnet with a diameter of 4 mm and a height of 2 mm, and four electrically insulated copper electrodes with a diameter of 0.25 mm. The magnet creates a static magnetic field B p directed upward. Each pair of opposite electrodes measures a difference of electric potentials, which is induced by the liquid metal flowing under the field of the permanent magnet. The principle of the Vivès probe measurement is governed by Ohm's law ͑2͒. If one assumes that the local magnetic field, created by the small magnet of the sensor, generates an electric potential which is proportional to the value of velocity, the following relationships for the streamwise U and spanwise V components of velocity are valid:
where ⌬ y and ⌬ x are the electric potential differences measured by the probe in span and streamwise directions, respectively. We obtain the coefficients c x and c y of the probe by calibrating it in a special rotating device filled with InGaSn. The sensitivity of the probe is found to be c x = c y = 2.7 V/͑cm. s −1 ͒. It should be noted that the length scale of the electric potential generated by the Vivès probe does not depend on extension of the measured flow structure if the latter exceeds the diameter of the sensor. This scale is defined by the diameter of the probe magnet. It means that the above mentioned calibration procedure is reliable both for the mean flow and for the large-scale velocity fluctuations. On the contrary, the small-scale eddies comparable to the diameter of the Vivès probe cannot be detected reliably. In the present paper we restrict the spectral analysis of velocity fluctuations obtained by the Vivès probe to the bandwidth of 0 -10 Hz. For this frequency range we can assume that the length scale of velocity fluctuations, that generate the signal, exceeds at least two times the size of the Vivès probe. This estimation is made for the mean velocity U 0 = 8 cm/ s that corresponds in our experiment to the minor value of Reynolds number Re= 4000.
Measurements using potential probes: We use the potential probe in order to characterize the spatiotemporal structure of the electric potential in region II. The design of the probe is shown in Fig. 3 . The probe consists of four copper wire electrodes insulated by a varnish except four the sensitive tips which are in contact with the liquid metal. The probe provides the electric potential differences between the measuring electrodes in spanwise and streamwise directions with a high temporal resolution by 300 Hz. Since the magnetic field is not homogeneous in our experiment, the electric potential should be regarded as the primary physical quantity measured, while the values of the streamwise and spanwise velocity components should be regarded as derived quantities. We parenthetically note that the impossibility to derive the velocity from the electric potential must not be regarded as a deficiency of the measurements technique in the same way as local pressure measurements in ordinary hydrodynamics does not provide direct access to the local velocity. The potential is thus a useful independent quantity which can be even compared to numerical simulation.
To check an influence of the size and form of both probes on flow we perform an auxiliary experiment in a transparent liquid. Using a specially shaped honeycomb with longer pipes in its central part and shorter ones in the vicinity of the lateral walls, we generate in a saltwater electrolyte an M-shaped velocity profile visualized by small gas bubbles. The velocity profile is similar to that in the liquid metal experiments. The observation shows, that exactly at the region of the measuring tips the velocity profile is not distorted. A visible boundary layer is developed along the support of the probe on a distance of about 15-20 characteristic sizes of the sensor.
III. RESULTS AND DISCUSSION
We present the profiles of the mean and root-meansquare ͑rms͒ fluctuating velocity and electric field in the region of the applied magnetic field. Moreover, we discuss power spectra for fluctuations of the electrical potential and velocity. The following dimensionless coordinates are used:
x / H, y / L, and z / H, where H = 20 mm is the height and L = 50 mm is the half-width of our test section. The majority of experimental runs are performed for Re= 4000 and one run in section C for Re= 8000. To separate the data obtained by the different probes, we present the data of potential velocimetry in dimensionless terms of electric field strength ͑E / E 0 and EЈ / E 0 ͒. The scaling value E 0 = U 0 B z is calculated according to the local value of magnetic field B z and mean velocity Andreev, Kolesnikov, and Thess Phys. Fluids 18, 065108 ͑2006͒ U 0 based on the flow rate. In this presentation the data for the Vivès and potential probes become comparable.
A. Turbulence suppression region
We start the discussion by analyzing the velocity field of the flow coming into the region of magnetic field, region I. As an example, Fig. 4͑a͒ shows dimensionless distributions of mean and rms velocity measured by the Vivès probe in the cross section between the honeycomb and magnetic system at the coordinate x / H = 5.3. These data correspond to the middle plane of the flow at z / H = 0 and a Reynolds number Re= 4000. The honeycomb forms a symmetric initial velocity profile, and the influence of the magnetic field is not pronounced here, so the maximum of both the mean velocity and the fluctuations are located on the centerline of the channel. The rms magnitude constitutes 10%-12% of the velocity U 0 , based on the flow rate. There are two additional maxima of velocity fluctuations up to 12%. They are situated in the vicinity of the sidewalls and caused by the instability of the wall boundary layers. This effect of near wall turbulence is well known from ordinary hydrodynamics for planar channels. 24 Notice that the magnetic field is negligible at this x coordinate ͑B z / B 0 = 0.006͒. For comparison, at x / H = −1.5 the intensity of electric potential fluctuations, that is proportional to velocity fluctuations, decreases 2-3 times ͓see Fig.  4͑a͔͒ because of magnetic field growth ͑B z / B 0 = 0.135͒. The curves in Fig. 4͑b͒ show the evolution of the velocity fluctuations without magnetic field ͑circles͒ as well as with magnetic field both at Re= 4000. In the nonmagnetic case the initially high level of velocity fluctuations ͑ϳ12% ͒ is caused by the entrance effect of honeycomb. This artificially generated turbulence first decays downstream but further remains nearly constant at a level of 8% for x Ͼ −3H. When the same flow enters the region with the growing magnetic field, the interaction parameter increases from zero to a larger value. So, we can identify two parts of the region I, with small and large values of N respectively, where the velocity perturbations are magnetically damped due to their interaction with magnetic field. The Lorentz force makes the vortices elongated along the field lines. This process can only result in a generation of electrical currents and thereby by a Joule dissipation of kinetic energy. According to the electric potential measurements, inside the magnetic system the intensity of velocity fluctuations drops to a very small value, as shown in Fig. 4͑b͒ .
B. Vortical region
In Fig. 5 the profiles of mean components of electric fields are plotted as a function of the spanwise coordinate y / L for x / H = −1.5, −0.75, 0.75, and 1.5. According to the principle of potential velocimetry, the electric field strength E y / E 0 is proportional to the streamwise component of velocity ͑U / U 0 ͒ and E x / E 0 is proportional to the spanwise component ͑−V / U 0 ͒. In Figs. 5͑a͒-5͑d͒ , the areas near the sidewalls are crosshatched in order to show where the transverse electric current induced under the magnet is directed along the sidewalls ͑see also Fig. 1͒ . In the crosshatched areas the streamwise electrical current makes a considerable contribution to the strength of electric field E x / E 0 . This boundary effect is responsible for the strong increase of the magnitude of ͉E x / E 0 ͉. As a result, the electric potential data measured in the crosshatched area cannot be directly related to the velocity. By contrast, in the central part of the channel the electrical current is mainly transverse. Thereby the x component of the electric field is induced mainly by the electromotive force and can be used for the evaluation of the spanwise component of the velocity. Figure 5͑a͒ shows cross-sectional distributions of spanwise and streamwise gradients of the electric potential at x / H = −1.5. Upstream of the magnetic system, the Lorentz force has a perceptible effect on the flow ͑see also Fig. 1͒ . The maximum of the velocity is displaced towards the sidewalls. The spanwise component of the velocity is directed towards the sidewalls. Figure 5͑b͒ shows the further transformation of the velocity profile at x / H = −0.75 as obtained from potential ve- 
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locimetry. Both velocity components in the center vanish. In the range −0.8Ͻ y / L Ͻ 0 and 0 Ͻ y / L Ͻ 0.8, two domains of transverse flows, which are directed toward the sidewalls, are clearly expressed. Past the center of the magnet ͓Fig. 5͑c͒, x / H = 0.75͔, a modest further deformation of the streamwise velocity is observed. The picture of the transverse flow component is reversed compared to its distribution shown in Fig. 5͑b͒ . Now this velocity component is directed toward the center. Figure 5͑d͒ continues the illustration of the velocity transformation in the downstream direction. The spanwise component of the velocity vanishes, and the flow becomes mainly streamwise. Figure 5͑e͒ shows the evolution of the streamwise velocity component along the axes of the channel y / H = z / H =0 in the range of −2 Ͻ x / H Ͻ 2 that is situated strictly inside the magnet. The negative sign of velocity corresponds to a reversal flow that occurs due to two vortices generated inside of the magnetic field ͑see also Fig. 2 and Fig. 6͒ .
These data make it possible to reconstruct the structure of the flow within the area of the nonuniform magnetic field. Figure 6͑a͒ schematically shows a picture of the flow for Re= 4000. The decrease of the streamwise velocity and the appearance of two vortices inside the magnet gap in the range of −0.75Ͻ x / H Ͻ 0.75 can be physically explained by an increase of the streamwise pressure gradient in the central part of the flow due to the braking effect of the Lorentz force. Directly behind the magnets in the range of 0.75 Ͻ x / H Ͻ 1.5 a zone of low pressure is generated. This sharp pressure jump is responsible for creation of the reversal flow in the middle of the channel. Figure 6͑b͒ shows a distribution of the electric potential in the middle plane z / H = 0 for −1.5Ͻ x / H Ͻ 2 as obtained from measurements using the potential probe in the area of the magnetic field. The closed lines of electric potential confirm the existence of two large-scale vortical structures in the region of magnetic field. 
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Andreev, Kolesnikov, and Thess Phys. Fluids 18, 065108 ͑2006͒ negligible for ReϽ 4000. The zone of nearly zero intensity of fluctuations extends downstream to the range of 0 Ͻ x / H Ͻ 1.5. Beginning from Re= 4000, the intensity of electric potential fluctuations in this range slowly increases and tends to a value of 2.5%.
C. Wall jet region
In the present part we discuss the further evolution of the velocity profile behind the magnetic system where the direct influence of magnetic field on the flow becomes negligible. We begin the discussion by analyzing the mean and rms velocity profiles at 3 ഛ x / H ഛ 12 for Re= 4000 as obtained by the Vivès probe. Samples of velocity profiles for x / H =3, 6, and 12 are shown in Fig. 8 . Notice that the shape of velocity profiles is nearly self-similar in the streamwise direction and is characterized by the formation of two near-wall shear layers which are physically similar to a wall jet in ordinary hydrodynamics. In a review article 19 by Launder and Rodi, the authors consider the wall jets as a superposition of a wall boundary layer and a free mixing layer. The main distinction is that the spreading rate of the wall jet is 30% larger than that for a free plane jet.
In the streamwise direction, the averaged velocity does not remain constant in the middle plane. For example, in Fig.  8͑b͒ the value of mean velocity in the central part of the profile on the distance x / H = 6 is three times larger than on the distance x / H =3 ͓Fig. 8͑a͔͒. Without electromagnetic forces, the originally quasi-two-dimensional M-shaped profile stretches downstream in its middle plane. Figure 8͑a͒ , in addition to the mean velocity profile U / U 0 , shows rms velocity fluctuations uЈ / U 0 . The latter are found to have a minimum intensity in the central part of the flow and two maxima with a magnitude of 5% near the sidewalls at x / H = 3. The measurements obtained in the downstream region ͓see Fig. 8͑b͔͒ , demonstrate a twofold increase of fluctuation intensity near the sidewalls at x / H = 6. A fourfold increase of the intensity is seen in Fig. 8͑c͒ obtained at x / H = 12. There are also two additional maxima in the mean velocity profile in the central part of the channel; they testify that the flow behavior becomes more complicated due to interaction between the wall jets. Those jets grow in width, since the flow becomes unstable. This effect could be explained by an additional transfer of kinetic energy towards the center by virtue of turbulent fluctuations.
The further development of the flow at higher Reynolds number, namely Re= 8000, is illustrated in Fig. 9 , where the mean and fluctuating velocity profiles are plotted at the same values of the streamwise coordinate x / H as in Fig. 8 . At x / H = 3, there is no qualitative difference between the velocity distributions presented in Figs. 8͑a͒ and 9͑a͒ . This is an additional confirmation of the fact that the status of flow instability in the certain point depends not only on the absolute value of the Reynolds number but also on the position of the point with respect to the flow origin. Already at x / H =6 the local central maximum of streamwise component of velocity fluctuations indicates the development of turbulence in the flow ͓cf. 065108
formed with air jets blowing through a gap with a small thickness b into a semibounded area ͑see illustration in Fig.  10͒ . In the range of Re= 10000-20000 and for different distances x / b from the inlet area, the dimensionless velocity profiles are self-similar. The streamwise velocity component U was normalized in Refs. 25 and 26 by its maximal value U max . The nondimensional transverse coordinate y / y 1/2 was also scaled by the value y 1/2 , where U was equal to U max /2. We have recalculated our experimental data in the same manner as in Refs. 25 and 26 and have found that for the Reynolds number Re= 12000 our experimental points are close to the AJL curve at least in the vicinity of the sidewalls in the range of 0 ഛ y / y 1/2 Ͻ 1.1. In the central part of the flow ͑y / y 1/2 Ͼ 1.1͒ two jets interact as it was mentioned above. This is a reason why our velocity values at y / y 1/2 Ͼ 1.1 are larger than those in AJL vanishing for large y / y 1/2 .
D. Power spectra of velocity and electric field fluctuations
Figures 11͑a͒ and 11͑b͒ illustrate the power spectra of the electric field and streamwise velocity fluctuations at Re = 4000 measured by the potential probe inside the magnetic field ͓Fig. 11͑a͒ for positions 1, 2, 3 and Fig. 11͑b͒ for position 1͔ and by the Vivès probe behind the magnetic field ͓Fig. 11͑b͒ for positions 2, 3, 4͔.
The effect of turbulence suppression in region I is clearly expressed by the spectra plotted in Fig. 11͑a͒ for Re= 4000 and for three different positions of the measurement point, namely, for x / H = −1.5, −0.75, and 0 situated along the central line of the channel. This effect was already mentioned in the discussion of Fig. 4 . The spectral curves also demonstrate, that in spite of considerable difference in the energy of velocity fluctuations, the basic frequency f 1 = 0.78 Hz remains constant for all presented positions before and inside the magnet. It implies that the initial part of the magnetic field does not qualitatively transform the structure of turbulent fluctuations, but only reduces the intensity of fluctuations.
Another aspect of the spectra near the sidewall is exhibited in Fig. 11͑b͒ 
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Andreev, Kolesnikov, and Thess Phys. Fluids 18, 065108 ͑2006͒ quence of the spectra for positions 2, 3, and 4 shows a growth of the spectral energy up to S u = 3.4ϫ 10 −3 at x / H = 12. The characteristic frequency here is f 2 = 2.10 Hz. The twofold increase of the frequency in the wall jet in comparison with the frequency of fluctuations upstream of the magnetic field is caused by the generation of small-scale perturbations and by the enhancement of the averaged velocity in the channel flow. Obviously, such a narrow-banded spectrum is caused by the incomplete evolution of the flow behind the magnet and, also by the comparatively small value of the Reynolds number ͑Re= 4000͒. Figures 12͑a͒ and 12͑b͒ show the development of the spectra behind the magnet for x / H = 3, 6, and 12 both for the central part of the channel and in the vicinity of the sidewall for Re= 8000. In the both regions, the energy of perturbations sequentially increases. As it is apparent from Fig. 12͑a͒ for the central part of the channel ͑position 1 at x / H =3͒, the spectrum has two maxima at frequencies f 1 = 2.07 Hz and f * = 4.14 Hz. For the considered Reynolds number, the existence of the basic frequency f 1 and its harmonic f * =2f 1 testifies that a double vortex street develops behind the magnet in the central part, similar to the scenario of a flow around a cylinder. Further, downstream x / H = 6, because of the interaction of the velocity fluctuations, the spectrum is supplemented by two additional frequencies f 2 = 1.28 Hz and f 3 = 2.64 Hz and their combination 1 / 2͑f 2 + f 3 ͒. The characteristic frequencies existing at x / H = 3 are absent in the spectrum at this value of the x coordinate. This means that the initial vortex structures generating the mentioned frequencies f 1 = 2.07 Hz and the harmonic f * = 4.14 Hz are replaced by other, more complex vortex patterns. At position 3 ͑x / H =12͒, we observe a basic frequency f 4 = 1.02 Hz and the additional frequencies 3 / 2f 4 and 2f 4 . The effect of the decrease of the basic frequency ͑f 4 = 1.02 Hz͒ at large values of x / H can be explained by the growth of the spatial scale of perturbations during the process of wall-jet interaction mentioned in connection with the discussion of Figs. 9͑a͒-9͑c͒ . Figure 12͑b͒ shows the spectra in the region of the wall jet at y / L = 0.86. For the same positions of x / H = 3, 6, and 12 the bandwidth of the spectra is larger compared to that in the central part of the channel. The energy of fluctuations is distributed over a wide range of fluctuation frequencies. Such kind of spectrum corresponds to a more developed turbulence.
IV. SUMMARY
We have experimentally investigated the influence of a steady ͑primarily͒ vertical nonuniform magnetic field on a liquid metal flow in a plane channel with insulating walls. This problem serves both as a frequently occurring MHD flow pattern interesting in its own right as well as a simplified physical model for magnetic braking in metallurgy. In the experiments we use eutectic alloy GaInSn as the working fluid and permanent magnets with finite dimensions to create an inhomogeneous magnetic field. The arrangement of the experimental setup allows the measurement of the mean and fluctuating values of both velocity and electric potential inside and outside of the applied magnetic field, using electric potential probes and Vivès probes. The investigated flow turns out to have a rather complicated structure dominated by inertia. Three regions of the flow development are identified in the present study: ͑I͒ a turbulence suppression region; ͑II͒ a region with large vortical structures and M-shaped profile; ͑III͒ a region containing two wall jets. In the experiments the Reynolds number is varied within the range of 5 ϫ 10 2 ഛ Reഛ 1.6ϫ 10 4 , while the Hartmann number is kept fixed at Ha= 400. The influence of the applied magnetic field on the velocity fluctuations is found to be considerable. In region I the intensity of velocity fluctuations decreases 8-10 times compared to that of the initial flow. The maximum of the velocity fluctuations, that constitutes a value of 8.5%, is much more pronounced ahead of the magnet. At growing Reynolds number, the relative value of velocity fluctuations decreases and tends to a constant value of 5% for Re Ͼ 5000. In the downstream region, where the magnetic field is negligible, the intensity increases up to 18% for Re = 4000 and up to 25% for Re= 8000, inside of the wall jet shear flow because of a developing instability. Moreover, for Re= 8000, after a certain downstream evolution behind the magnet, we find an active interaction between perturbations generated by both wall jet shear flows. Finally, the obtained power spectra show that in the central part of the flow a street of vortices develops in the downstream direction. In the velocity fluctuations spectra, the basic frequencies and their combinations coexist.
We believe that the experimental results presented here can be used as a benchmark for numerical simulations of turbulent MHD flows. Future velocity measurements using ultrasonic Doppler velocimetry will help us to characterize the velocity in much more detail.
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APPENDIX: DESCRIPTION OF THE MAGNETIC SYSTEM
Our magnetic system shown in Fig. 13 consists of two rectangular NdFeB permanent magnets that constitute poles of the system. The dimensions of the magnets are 40 mm height, 30 mm width, and 100 mm length. The poles of the magnetic system are situated above and below the channel, so that the side with 30 mm length is parallel to the flow while the side with 100 mm length is oriented perpendicular to the flow. The magnet poles are protected from the liquid metal by 5 mm thick Plexiglass walls. Thus, the distance between the poles is 30 mm. Outside the channel, the magnetic field flux is closed in a steel yoke. The elements of the yoke have a rectangular cross section with dimensions 30 mmϫ 20 mm.
The configuration of the magnetic field is shown in Figs. 14 and 15. The given values of magnetic field are dimensionless. They are normalized by B 0 = 0.504 T, which corresponds to the magnetic field in the middle of the gap between the poles. This point is chosen as the origin of the coordinates system.
One can see that inside the test section the magnetic field is primarily vertical. Its z component decreases in both directions along the x axis from a maximum value at x = 0 to a very small value at x = 60 mm and x = −60 mm, as shown in Figs. 14͑a͒ and 14͑b͒ .
In the y direction the z component of the magnetic field is more homogeneous as seen in Figs. 15͑a͒ and 15͑b͒ . According to the cross-sectional distribution in Fig. 15͑b͒ its value varies by 10% in the region −30 mmϽ y Ͻ 30 mm and decreases by 50% in the vicinity of sidewalls.
The magnitudes of the streamwise B x and spanwise B y magnetic field components do not exceed 40% of the value 0.504 T ͑see Figs. 14 and 15͒. The absolute value of the streamwise component has a maximum near the front and rear edges of the poles ͑x = ± 15 mm, z = ± 10 mm͒, but vanishes on the channel axis ͓Figs. 14͑c͒ and 15͑c͔͒. The spanwise component B y is important only in the vicinity of the lateral walls ͓Figs. 14͑d͒ and 15͑d͔͒.
Visually the relationship between the components can be illustrated by the curvature of the magnetic lines presented in Figs. 14͑e͒ and 15͑e͒ . 
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